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ABSTRACT
Context. Blazars are the established sources of an intense and variable non-thermal radiation extending from radio wavelengths up
to high and very high energy γ-rays. Understanding the spectral evolution of blazars in selected frequency ranges, as well as multi-
frequency correlations in various types of blazar sources, is of a primary importance for constraining the blazar physics.
Aims. Here we present the results of a long-term optical monitoring of a sample of 30 blazars of the BL Lac type, most of which are
the confirmed TeV emitters. We study the optical color–magnitude correlation patterns emerging in the analyzed sample, and compare
the optical properties of the targets with the high-energy γ-ray and high-frequency radio data.
Methods. The optical observations were carried out in R and B filters using the Automatic Telescope for Optical Monitoring (ATOM)
located at the site of the H.E.S.S. Array. Each object in the sample was observed during at least 20 nights in the period 2007–2012.
Results. We find significant global color–magnitude correlations (meaning bluer-when-brighter spectral evolution) in 40% of the
sample. The sources which do not display any clear chromatism in the gathered entire datasets often do exhibit bluer-when-brighter
behavior but only in isolated shorter time intervals. We also discovered spectral state transitions at optical wavelengths in several
analyzed sources. Finally, we find that the radio, optical, and γ-ray luminosities of the sources in the sample obey almost linear corre-
lations, which seem however induced, at least partly, by the redshift dependance, and may be also affected by non-simultaneousness
of the analyzed multifrequency dataset.
Conclusions. We argue that the observed bluer-when-brighter behavior is intrinsic to the jet emission regions, at least for some of the
analyzed blazars, rather than resulting from the contamination of the measured flux by the starlight of host galaxies. We also conclude
that the significance of color–magnitude scalings does not correlate with the optical color, but instead seems to depend on the source
luminosity, in a sense that these are the lowest-luminosity BL Lac objects which display the strongest correlations.
Key words. Radiation mechanisms: non-thermal — Galaxies: active — BL Lacertae objects: general — Galaxies: jets
1. Introduction
Blazars are radio-loud Active Galactic Nuclei (AGN) with rel-
ativistic jets pointing at small angles to the line of sight (e.g.
Begelman et al. 1984). The Doppler-boosted non-thermal emis-
sion of these sources is observed in a wide range of frequencies
of the electromagnetic spectrum, from radio to X-rays and, in the
case of the brightest objects, up to high and very high energy γ-
rays (e.g., Ackermann et al. 2011)1. Rapid variability of blazars
is routinely detected at different wavelengths on timescales down
to hours or even minutes, albeit with often drastically different
amplitudes (e.g., Wagner & Witzel 1995; Aharonian et al. 2007;
Sasada et al. 2008; Saito et al. 2013). Based on the optical clas-
sification, blazars can be divided into two subclasses: Flat Spec-
trum Radio Quasars (FSRQs) and BL Lacertae-type objects (BL
Lac objects). Optical/UV spectra of FSRQs are characterized by
the presence of prominent broad and narrow emission lines; BL
Lac objects are instead dominated by a continuum emission in
the optical band (Urry & Padovani 1995). BL Lac objects can
be subdivided further into high-, intermediate-, and low-energy
peaked sources (HBLs, IBLs, and LBLs, respectively), depend-
1 see also http://tevcat.uchicago.edu
ing on the position of their synchrotron peak frequencies (see,
e.g., Padovani & Giommi 1995; Fossati et al. 1998; Abdo et al.
2010).
The broad-band spectral energy distribution (SED, meaning
the ν−νFν spectral representation) of blazars has a characteristic
double-hump structure. The first hump extends from radio up to
the optical or X-ray range, and is due to the synchrotron emission
of in-situ accelerated jet electrons; the second hump is located in
the γ-ray part of the spectrum, and is most widely believed to
be due to the inverse-Compton emission of the same electron
population (e.g., Konigl 1981; Marscher & Gear 1985; Dermer
& Schlickeiser 1993; Sikora et al. 1994). The most recent mul-
tiwavelength campaigns targeting the brightest or dramatically
flaring blazars have challenged to some extent the simplest (ho-
mogeneous one-zone) versions of this standard leptonic model,
but truly simultaneous, broad-band, and long-term monitoring
data for a representative sample of the blazar population, which
are of a primary importance for constraining the blazar physics,
are still relatively sparse.
Previous observational studies of blazars (BL Lac objects,
in particular) at optical frequencies revealed complex flux–color
correlation patterns. For example, the 10-year-long photomet-
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ric monitoring of optically bright OJ 287 and BL Lacertae pre-
sented by Carini et al. (1992) did not indicate any universal and
persistent relation between spectral and flux changes, although
some hints for a general trend that the sources appear bluer-
when-brighter were noted. Interestingly, Carini et al. detected
a microvariability in both blazars, at the level of 0.08 mag/hr for
OJ 287 and 0.01 mag/hr for BL Lacertae. In a different dataset, a
strong correlation between V−R color and R magnitude has been
found in 11 nights of the optical outburst of BL Lacertae in 1997,
with the correlation coefficient ' 0.7 (Clements & Carini 2001).
The analysis of the longterm monitoring of the same object by
Villata et al. (2002) and Villata et al. (2004) confirmed that bluer-
when-brighter relation is hardly present in long-timescale vari-
ations but in short isolated outbursts. An analogous color evo-
lution of OJ 287 during the flaring state in years 2005−2006
was reported by Dai et al. (2011), who found the bluer-when-
brighter chromatism for the source with the correlation coeffi-
cient ' 0.67.
Similar results regarding color-magnitude (hereafter CM)
correlations — namely, clear bluer-when-brighter behavior dur-
ing the rapid flares and basically achromatic longterm variability
— were also reported for the another exceptionally bright and ac-
tive (at optical frequencies) blazar S5 0716+714 (Dai et al. 2013;
Ghisellini et al. 1997; Gu et al. 2006). We note that this source
is known for its persistent variability down to the timescales of
hours and minutes, both in total and also polarized optical fluxes
(Sasada et al. 2008; Dai et al. 2013; Bhatta et al. 2013).
Besides the three aforementioned well-known BL Lac ob-
jects, the positive CM correlations were also detected in, e.g.,
3C 66A (Ghosh et al. 2000), AO 0235+164 (Raiteri et al. 2001),
and PKS 0735+178 (Gu et al. 2006). More recently, Ikejiri et al.
(2011) presented a rich dataset gathered with the KANAT tele-
scope from 2008 till 2010 for a sample of 42 blazars including
both FSRQs and BL Lac objects. The authors established that
majority of the studied sources (88% of the sample) do exhibit
a universal bluer-when-brighter trend in the optical band, with a
few exceptions only, mostly FSRQs, which reveal the opposite
redder-when-brighter behavior (see in this context also Bonning
et al. 2012, for the results of the SMARTS optical and infrared
blazar monitoring program).
In addition to the CM correlation patterns, the optical polar-
ization variability of bright blazars is now being widely studied
(e.g., Sasada et al. 2008; Ikejiri et al. 2011; Gaur et al. 2014).
The successful operation of the Large Area Telescope (LAT; At-
wood et al. 2009) onboard the Fermi satellite enabled, on the
other hand, the first in-depth investigations of the optical/γ-ray
correlations for a large number of blazar sources detected on a
daily basis at GeV energies. The extensive optical monitoring
of the selected BL Lac objects revealed in particular significant
flux-flux correlations during the flaring states (e.g., Raiteri et al.
2013 for the GASP-WEBT campaign on BL Lacertae; see also
Chatterjee et al. 2012), as well as the overall optical/γ-ray lumi-
nosity correlations for the LAT-detected objects (Hovatta et al.
2014).
In this paper, we present the data gathered with the Auto-
matic Telescope for Optical Monitoring (ATOM; Hauser et al.
2004) during the last six years (2007–2012) for a sample of 30
blazars of the BL Lac type. The targets were selected in the
southern hemisphere using various criteria as promising TeV
candidates or already established TeV emitters. We study the
B − R color versus R magnitude correlations, along with the
radio, optical, and GeV luminosity-luminosity or luminosity-
spectral scalings and dependencies. We emphasize that the an-
alyzed multi-wavelength dataset is not simultaneous, the dis-
cussed blazar sample is not complete, and the source light-curves
are sampled with ATOM non-uniformly. Still, several general
trends and correlation patterns are revealed, allowing for a novel
insight into the variability properties of bright BL Lac objects.
2. Data Analysis and Results
2.1. ATOM Observations and Target Selection
ATOM is the 75-cm optical telescope (see Hauser et al. 2004),
which is operating in Namibia since 2006 at the site of the High
Energy Stereoscopic System (H.E.S.S.; see Aharonian et al.
2006). The telescope works in a fully robotic way in four filters
in the Johnson-Cousins UBVRI broad-band photometric system
defined by Bessell (1990): B (440 nm), V (550 nm), R (640 nm),
and I (790 nm). The main scientific goal of ATOM observa-
tions is an automatic monitoring of γ-ray sources in the southern
hemisphere, and in particular of the potential H.E.S.S. targets.
The durations of single pointings analyzed in this paper are be-
tween 100 s and 1000 s; this enables us to limit the uncertainty of
each single observation to below 0.1 mag. The photometric flux
scale was calibrated using the reference stars. In addition to the
standard automatic analysis of the collected data, some of the
raw images were also checked manually, and a limited number
of bad-quality pointings (e.g., due to bad weather conditions or a
moon light contamination) were rejected from the final dataset.
This process of discarding some of the observations does not af-
fect the final results presented below. The observed magnitudes
have been corrected against the Galactic extinction based on the
model by Schlegel et al. (1998) with the most recent recalibra-
tion by Schlafly & Finkbeiner (2011).2
The analyzed blazar sample includes 30 sources of the BL
Lac type (mostly HBLs), all monitored frequently with the
ATOM telescope, majority of which (21) are the established TeV
emitters. In particular, we require each target in the sample to be
observed for at least 20 — but not necessarily consecutive —
nights, simultaneously in B and R filters, in a time span from
2007 till 2012. In the case when a given source was observed
more than once during the same night, the average value of the
pointings was used. A list of thus selected objects is given in
Table 1, and the particular dates of the ATOM observations are
given in Table 2.
2.2. Color-Magnitude Diagrams
Figures 1-5 present the B− R colors vs R magnitudes for the an-
alyzed 30 blazars from our sample listed in Table 1. For each ob-
ject, we evaluate the corresponding CM Pearson’s correlation co-
efficientC(B−R,R), taking into account all the available datapoints,
in order to check and to quantify general trends in a spectral ap-
pearance at different flux levels. The obtained values of C(B−R,R),
together with the emerging slopes of the regression fits, the aver-
age colors 〈B−R〉, and the corresponding spectral indices, are all
given in Table 1 as well. The average spectral indices are derived
here simply as
〈αBR〉 = 0.4 〈B − R〉log(νB/νR) , (1)
where νB and νR are effective frequencies of the respective bands
(Bessell et al. 1998).
2 See the corresponding AB and AR extinction coefficients collected in
Table 1.
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Fig. 1. B− R color vs. R-band magnitude diagrams for SHBL J001355.9–18540, PKS 0048-097, RGB J0152+017, 1ES 0229+200, AO 0235+16,
and PKS 0301–243. At each panel red dashed lines denote the fitted CM linear correlations (see Table 1). Color of a given data point indicates the
time of a given measurement: the earliest pointings are denoted by dark blue symbols and the most recent ones depicted in red, with the rainbow
color scale normalized to the entire span of the ATOM observations of a given blazar. Article number, page 3 of 16
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Fig. 2. Same as Figure 1 for SHBL J032541.0–164618, 1ES 0323+022, 1ES 0347–121,1ES 0414+00.9, PKS 0447–439, and PKS 0537–441.
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Fig. 3. Same as Figure 1 for PKS 0548–322, PKS 0735+178, OJ 287, SHBL J101015.9–311908, 1ES 1101–232, and Markarian 421.
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Fig. 4. Same as Figure 1 for 1ES 1218+304, W Comae, 1ES 1312–423, PKS 1424+240, AP Librae, and PG 1553+113.
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Fig. 5. Same as Figure 1 for Markarian 501, RGB J1725+118, PKS 2005–489, SHBL J213135.4–091523, PKS 2155–304, and BL Lacertae.
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In figures 1-5, the times of given measurements are repre-
sented by the color scale: the earliest pointings are denoted by
dark blue symbols and the most recent ones are depicted in red,
with the rainbow color scale normalized to the entire span of the
ATOM observations of a given blazar. This color-coding demon-
strates that the evaluated global correlation coefficients are only
rarely reliable proxies of a persistent spectral evolution (in par-
ticular in the case of sources displaying a ‘clustering’ of data-
points at different regions of the CM diagrams at distinct epochs;
see section 2.3 below). In addition, we note that the time and
color scales for different objects in the analyzed sample are dif-
ferent, due to the different total time spans and varying spacings
of the analyzed ATOM observations (see Table 2). Hence, the
result of the CM regression fits for the analyzed sample should
be taken with caution. All in all, however, significant positive
CM correlations ( C(B−R,R)  0.5), indicating that the sources
appear in general bluer when brighter, are found for 12 targets,
while the negative (and, in fact, statistically not significant) CM
correlations are found for only two sources (PG 1553+113 and
PKS 1424+240). Below we comment on each analyzed target
individually.
2.3. Notes on Individual Sources
SHBL J001355.9–18540: The source was observed during
138 nights in 2008–2012. The collected data reveal no obvious
CM correlations, but the source brightness varied only slightly,
within the '0.2 mag range. The source optical spectrum was very
steep, corresponding to αBR > 3.7.
PKS 0048–097: The source was observed during 96 nights in
2009–2012. No clear CM relation found (in agreement with Ike-
jiri et al. 2011), even though the source brightness varied in a
wide, ∼ 3 mag range, and the optical spectral index oscillated
between αBR ∼ 2 and 3.
RGB J0152+017: The source was observed during 269 nights
in 2007–2012. Clear bluer-when-brighter behavior is present in
the entire dataset, as well as in shorter isolated periods (with the
exception of the earliest measurements at the lowest flux level,
when a weak redder-when-brighter trend could be noted). The
observed flux changes were rather minor (' 0.4 mag), and the
optical spectrum varied between αBR ∼ 2 and 3.
1ES 0229+200: The source was observed during 184 nights
in 2007–2012. No clear CM correlation found, either in the en-
tire dataset or in shorter (e.g., one-year) intervals, but the source
brightness varied only slightly within the '0.2 mag range. The
optical continuum was very steep, with αBR > 3.7.
AO 0235+16: The source was observed during 77 nights in
2007–2010. No significant CM correlation can be noted in the
entire dataset despite the wide flux range covered (∼4 mag), al-
though during the flaring phase at the highest flux level clear
bluer-when-brighter chromatism is present. Ikejiri et al. (2011)
and Raiteri et al. (2001) found significant CM correlations for
this blazar, also during its quiescence. The observed spectral
variations covered the range from αBR ∼ 2 up to 3.
PKS 0301–243: The source was observed during 145 nights in
2009–2012. The observed bluer-when-brighter trend in the entire
dataset is rather weak, although during the selected shorter time
intervals strong CM correlations can be noted, as shown on the
additional Figure 6. The flux varied by ∼ 1 mag, and the optical
spectral index clustered within a relatively narrow range 0.5 .
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14.414.614.815.015.215.415.6
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Fig. 6. B − R vs. R diagram for PKS 0301–243 with the two selected
epochs corresponding to the two distinct optical states of the source (red
and blue symbols, respectively).
SHBL J032541.0–164618: The source was observed during
38 nights in 2007-2011, revealing a flat optical spectrum 0 .
αBR . 0.7 and a significant positive CM correlation within the
∼ 1 mag flux range covered.
1ES 0323+022: The source was observed during 40 nights
in 2008–2012, revealing clear bluer-when-brighter behavior de-
spite only modest flux changes (' 0.4 mag), in agreement with
the results of Ikejiri et al. (2011). The source spectrum varied
between αBR ∼ 0 and 1.
1ES 0347–121: The source was observed during 161 nights
in 2007–2012, revealing strong bluer-when-brighter chromatism
within the ∼ 1 mag flux range covered and optical spectral index
changing from αBR ∼ 2 up to 3.5.
1ES 0414+00.9: The source was observed during 285 nights
in 2007–2012. The linear fit to all the collected datapoints does
not show any clear CM correlation, but distinct states on the CM
diagram can be noted. The flux varied within the . 1 mag range,
and the spectral index oscillated between αBR ∼ 0.7 and 1.3.
PKS 0447–439: The source was observed during 54 nights in
2009–2012, revealing only weak bluer-when-brighter chroma-
tism in the ∼ 1 mag flux variation range covered. The optical
slope varied only slightly between αBR ∼ 1.5 and 2.
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PKS 0537–441: The source was observed during 160 nights in
2008–2012. The analysis of a longterm monitoring does not re-
veal any global CM correlation pattern; however, at low flux lev-
els some hints for redder-when-brighter behavior can be noted,
while at high flux levels bluer-when-brighter trend seems to be
present. Despite large-amplitude flux variations (∼ 3 mag), the
optical slope varied only slightly between αBR ∼ 2 and 2.5.
PKS 0548–322: The source was observed during 132 nights
in 2007–2012, revealing almost constant flux with ' 0.1 mag
variations and persistently steep spectrum αBR ' 3.5.
PKS 0735+178: The source was observed during 104 nights
in 2008–2012. No obvious global CM correlations found; previ-
ously, some hints for bluer-when-brighter behavior of the blazar
were reported by Gu et al. (2006). The observed flux variations
covered the & 1 mag range, and the optical slope varied between
αBR ∼ 1 and 1.5.
OJ 287: The source was observed during 148 nights in 2007–
2012. No global CM correlations can be noted in the longterm
lightcurve, although bluer-when-brighter chromatism can be
seen in shorter isolated intervals, in agreement with the previ-
ous results presented in the literature (e.g., Carini et al. 1992;
Dai et al. 2011; Ikejiri et al. 2011). The source displayed large,
∼ 2 mag flux variations and spectral indices from αBR ∼ 2 to 3.
SHBL J101015.9–311908: The source was observed during
45 nights in 2008–2012, revealing significant positive CM cor-
relation in a relatively narrow flux range covered (' 0.3 mag),
with spectral indices αBR ∼ 2 − 3.
1ES 1101–232: The source was observed during 197 nights in
2007–2012, showing only modest flux variations (∼ 0.3 mag)
and weak chromatism with optical slope changing between
αBR ∼ 2 and 3.
Markarian 421: The source was observed during 42 nights in
2007–2012. The overall bluer-when-brighter behavior is present,
in the agreement with the results by Ikejiri et al. (2011). About
∼ 1 mag flux variations corresponded to the αBR ∼ 1.5 − 2.0
range covered.
1ES 1218+304: The source was observed during only 20
nights in 2009, 2010, and 2012. Even though the ATOM ob-
servations of the blazar are limited, a strong CM correlation is
clearly detected, both in the entire dataset and in shorter time
intervals. About ∼ 1 mag flux variations corresponded to the
αBR ∼ 0.7 − 1.3 range covered.
W Comae: The source was observed during 50 nights in
2008–2012, revealing strong bluer-when-brighter chromatism
for ∼ 1 mag flux variations and the optical slope changing from
αBR ∼ 2 up to 3.
1ES 1312–423: The source was observed during 122 nights
in 2008–2011. A strong positive CM correlation can be noted
despite very limited (∼ 0.25 mag) flux changes. The optical slope
varied between αBR ∼ 2 and 3.
PKS 1424+240: The source was observed during 94 nights in
2009–2012. While the global regression fit returns negative CM
correlation coefficient, the analysis of shorter intervals reveals
some hints for bluer-when-brighter behavior. The observed flux
variations were only models (' 0.5 mag), and the optical spec-
trum remained basically constant, αBR ∼ 3.
AP Librae: The source was observed during 112 nights in
2010–2012. Significant positive CM correlation is detected in
the entire dataset and also in shorter (one-year-long) intervals.
Modest, . 1 mag flux variations corresponded to the αBR ∼ 2−3
range covered.
PG 1553+113: The source was observed during 294 nights in
2007–2012. The global regression fit indicates negative though
statistically not significant CM correlation, in agreement with
the results by Ikejiri et al. (2011); however, in shorter time in-
tervals distinct states following redder-when-brighter or bluer-
when-brighter trends can be seen. About ∼ 1 mag flux variations
corresponded to the relatively narrow, αBR ∼ 1.5 − 2.0 range
covered.
Markarian 501: The source was observed during 79 nights in
2007–2012. Bluer-when-brighter behavior can be seen despite
only weakly varying flux (' 0.2 mag), in agreement with the
results by Ikejiri et al. (2011). The optical spectrum remained
basically constant with αBR ∼ 3.
RGB J1725+118: The source was observed during 69 nights
in 2008–2012, revealing no obvious chromatism in the ∼ 1 mag
flux range covered, due to the persistent optical spectrum with
αBR ∼ 1.
PKS 2005–489: The source was observed during 697 nights in
2007–2012. Significant positive CM correlations are seen in the
entire dataset as well as in shorter time intervals, which in addi-
tion seem to correspond to distinct spectral states of the blazar
(each following bluer-when-brighter trend, though with differ-
ent regression slopes). About ∼ 1.5 mag flux variations corre-
sponded to a relatively narrow, αBR ∼ 3.0 − 3.5 range covered.
SHBL J213135.4–091523: The source was observed during
81 nights in 2008–2012, revealing only modest color changes
with no obvious relation to the flux changes. The source spec-
trum remained very flat, 0 . αBR < 0.5, within the ∼ 0.6 mag
flux variation range.
PKS 2155–304: The source was observed during 792 nights in
2007–2012. Only weak bluer-when-brighter trend can be noted
in the entire dataset, although at the highest flux level two sepa-
rate states of the source emerge, each characterized by a positive
CM correlation but different optical colors (see Abramowski et
al. 2014, in prep, for a further discussion). Large, ∼ 2 mag flux
variations corresponded to a relatively narrow, αBR ∼ 1.3 − 1.8
range covered.
BL Lacertae: The source was observed during 65 nights in
2008, 2009, and 2012. A positive CM correlation can be seen in
the entire dataset, albeit with a large scatter (in agreement with
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Villata et al. 2002, 2004; Ikejiri et al. 2011). The observed flux
changes were significant (∼ 1.5 mag), and the optical spectrum
varied from αBR ∼ 2 up to 3.
2.4. Multiwavelengh Analysis
In this section we compare the optical properties of ATOM
blazars with the high-energy (HE) γ-ray and high-frequency
radio data on the selected targets. The 0.1 − 100 GeV γ-ray
data are taken from the Second Catalog of Fermi-LAT Sources
(2FGL; Nolan et al. 2012). The corresponding radio observa-
tions were carried out at 15 GHz by the Owens Valley Radio
Observatory (OVRO), which is the 40 m telescope dedicated to
observe Fermi-LAT targets (Richards et al. 2011). It should be
noted that while the ATOM data presented in this paper are from
2007–2012, the 2FGL includes the LAT data collected during
the first 24 months of the science phase of the Fermi mission
which began on 2008 August 4. The analyzed radio data, on the
other hand, were collected during the period 2008–2012 in the
sources’ visibility windows. Hence, the multiwavelength data
discussed below can be considered as only ‘quasi-simultaneous’.
To account for different activity states of the studied blazars
in the error bars evaluated for fluxes, luminosities, and optical
colors (Figures 7–9), we consider both the variability range as
well as the standard error of a given quantity, and then choose
the larger value. In the case of ATOM data, the variability range
is estimated as the minimum and maximum values of the flux
in the light curve. For Fermi-LAT data minimum and maximum
flux based on the Flux_History values are taken from 2FGL, ex-
cluding flux upper limits; if the Flux_History includes only the
flux upper limits, the variability range is estimated by the stan-
dard error of the mean 2FGL flux. The optical and γ-ray lumi-
nosity errors are mainly driven by the distance error, therefore to
not underestimate this uncertainty, the larger value of the stan-
dard luminosity error and the variability range is used.
First we investigate the mean luminosities of the blazars in
the radio (15 GHz), optical (R filter) and γ-ray (LAT) bands,
which are all provided in Table 3. The corresponding luminosity-
luminosity relations are presented in the upper panel of Figure 7.
In the plot, different symbols are used to denote three different
types of BL Lac objects included in the sample, namely HBLs
(circles), LBLs (triangles), and LBLs (stars). As shown in the
figure, the luminosities obey almost linear correlations, which
may be either intrinsic or induced by the redshift dependance
(see in this context Ghirlanda et al. 2011; Arshakian et al. 2012;
Hovatta et al. 2014). Since our blazar sample is scarce and in-
complete, and also since we are not considering upper limits for
the objects not included in the 2FGL, we cannot apply any well-
posted statistical analysis to address this issue in detail. Instead,
we simply investigate the corresponding flux-flux correlations,
which all appear weaker than the luminosity- luminosity corre-
lations (see the lower panel of Figure 7). Hence we conclude
that the observed linear luminosity-luminosity correlations are
affected, at least to some extent, by the redshift dependance. In
addition, non-simultaneousness of the analyzed multifrequency
dataset should be kept in mind in this context as well, as the com-
parison between mean fluxes in different bands depends on the
activity state of a source during the analyzed period of time.
Despite all these caveats, we note however that, as expected,
LBLs are in general more luminous than HBLs, with IBL ob-
jects falling in between these two types of blazars. Yet inter-
esting outliers can be spotted. In particular, the IBL-classified
RGB J1725+118 is characterized by extremely low radio and
optical luminosities; this object does not posses any γ-ray coun-
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Fig. 7. Comparison between the mean HE γ-ray (LAT) and optical (R
filter) luminosities (upper panel) and fluxes (lower panel) for the ana-
lyzed BL Lac objects (see Table 3). On each diagram, the color-coding
denotes the luminosity or energy flux in the radio band (15 GHz), de-
picted in the stripes below the panels; if there is no corresponding radio
data, gray color is used. Different symbols here are used to denote three
different types of BL Lac objects included in the sample, namely HBLs
(circles), LBLs (triangles), and LBLs (stars). The formally evaluated
correlation coefficients C are provided in the upper-left corners of each
panel. The error bars are evaluated as described in § 2.4.
terpart in the 2FGL. On the other hand, the HBL-classified
PG 1553+113 is characterized by surprisingly high optical and
γ-ray luminosities, as shown in the γ-ray/optical luminosity plot
(upper panel in Figure 7). In the same plot one can also see that
AP Librae, an LBL, seems particularly under-luminous for its
type. In section 3 we comment in more detail on the two inter-
esting cases of PG 1553+113 and AP Librae.
The comparison of the source optical luminosities and the
average 〈B − R〉 colors is presented in Figure 8. The plot does
not reveal any obvious correlation. One can however notice that
in the case of HBL type blazars the 〈B − R〉 parameter covers a
wide range from 0 mag to 1.7 mag, which translates to the huge
range of average spectral indices from 〈αBR〉 ∼ 0 up to ∼ 4. In
the case of the two other subclasses of BL Lac objects included
in the sample, the 〈B − R〉 ranges occupied are narrower, but
Article number, page 10 of 16
A. Wierzcholska et al.: Optical Monitoring of BL Lac objects with ATOM
0.0 0.5 1.0 1.5 2.0
B-R [mag]
43
44
45
46
47
lo
g
 L
R
 [
e
rg
 s
−1
]
LBL
IBL
HBL
0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0
C(B-R,R)
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three different types of BL Lac objects included in the sample, namely
HBLs (circles), LBLs (triangles), and LBLs (stars). The error bars are
evaluated as described in § 2.4.
this may be solely due to a low number IBLs and LBLs in the
gathered sample.
In Figure 9 we plot the HE γ-ray photon index for the LAT-
detected sources in the sample versus their optical luminosities.
The color-coding here corresponds to the values of the Pear-
son’s correlation coefficient of the optical CM relation. The di-
agram, which again may be affected quite substantially by non-
simultaneousness of the considered LAT and ATOM datasets,
reveals only a weak tendency for the low-power sources (mostly
HBLs) to be characterized by more significant CM correlations
and flatter HE γ-ray spectra when compared with the high-power
sources (IBLs and LBLs, which typically do not exhibit any ob-
vious global CM correlations in the optical band, and tend to
have steeper γ-ray spectra).
3. Summary and Discussion
In this paper we analyze the optical data for 30 BL Lac
type blazars collected using the ATOM telescope from 2007
till 2012. In particular, we study the evolution of the se-
lected sources on the color-magnitude diagrams in B and R fil-
ters. Clear ‘global’ bluer-when-brighter trends are observed in
the gathered datasets for 12 objects in the sample (with the
Pearson’s correlation coefficients C(B−R,R) > 0.5), including
1ES 0323+022, 1ES 0347+121, 1ES 1218+304, BL Lacertae,
Mrk 421, PKS 2005–489, RGB J0152+117, SHBL J032541.0–
164618, SHBL J101015.9–311908, W Comae, and 1ES 1312–
423.
An important finding of the present analysis is the discov-
ery of separate optical spectral states for several BL Lac ob-
jects. Namely, in the case of RGB J0152+017, AO 0235+16,
PKS 0301–243, 1ES 0347–121, 1ES 0414+00.9, OJ 287,
1ES 1101–232, 1ES 1312–423, PKS 1424+240, PG 1553+113,
RGB J1725+118, PKS 2005–489, and PKS 2155–304, the dat-
apoints corresponding to different epochs of the source activity
cluster in distinct, often isolated regions of the color–magnitude
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Fig. 9. Comparison between the HE γ-ray photon indices for the LAT-
detected sources in the sample and their optical luminosities. The color-
coding denotes the Pearson’s correlation coefficient of the optical CM
relation, C(B−R,R), as depicted in the stripe below the diagram. Different
symbols here are used to denote three types of BL Lac objects included
in the sample: HBLs (circles), LBLs (triangles), and LBLs (stars). The
error bars for LR are evaluated as described in § 2.4. The error bars for
the Fermi-LAT spectral indices are taken from 2FGL.
space. In some cases these distinct spectral states for a given
source follow bluer-when-brighter trends, possibly (but not nec-
essarily) with different correlation slopes or different optical col-
ors, forming in this way separate ‘branches’ on the CM diagrams
(e.g., PKS 2155–304, PKS 0301–243). Presence of such distinct
states results typically in the overall weakening of the global CM
correlations, as observed for example in PKS 0301–243. The
analysis of all the available ATOM data for this blazar does not
reveal any general bluer-when-brighter chromatism, even though
during the selected shorter time intervals two distinct branches
appear in the CM plot (see Figure 6), separated by the ' 0.4 mag
gap but following similar bluer-when-brighter tracks with the
correlation coefficients C(B−R,R) = 0.65 and 0.79 (for red and
blue points in the figure, respectively), and with actually almost
identical correlation slopes of ' 0.26 ± 0.05.
The significance of bluer-when-brighter chromatism for the
objects analyzed in this paper does not correlate with the opti-
cal color, but instead seems to depend (at least partly) on the
blazar type, and therefore on the optical luminosity: low-power
HBLs are typically characterized by significant positive CM cor-
relations, while high-power LBLs typically display low values
of the C(B−R,R) coefficients. Similar conclusions have been pre-
sented before by Ikejiri et al. (2011), even though these authors
found positive CM correlations for almost all of the LBL type
blazars included in their sample.
Ikejiri et al. (2011) claimed in addition rather weak (or
even absent) correlations between the optical flux and polar-
ization degree changes in the studied sources, and found that
the lower-luminosity objects show in general smaller-amplitude
variability (in flux, color, and polarization degree) when com-
pared to the higher-luminosity blazars. They concluded that the
observed bluer-when-brighter behavior of blazars arises due to
the fact that short-term (days/weeks) flat-spectrum flares are su-
perimposed on slowly-varying (months/years) or even stationary
steep-spectrum (redder) components. It is important to note in
this context that Ikejiri et al. did not correct the measured opti-
cal fluxes for a contamination from the starlight of host galaxies
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(which would require the hosts to be well resolved on optical im-
ages; e.g., Nilsson et al. 2007), or from the continuum emission
of accretion disks. Neither did we in the study presented here.
In principle, a non-negligible contribution from accretion
disks in luminous blazars — which are believed to accrete at
high rates, and as such to be characterized by a prominent disk
emission peaking at UV frequencies (e.g., Sbarrato et al. 2012)
— may lead in some cases to the apparent redder-when-brighter
evolution at optical frequencies, as the flat-spectrum disk emis-
sion may become less and less pronounced for the increasing
steeper-spectrum synchrotron emission of a blazar jet. This ef-
fect, however, is expected to play a role only in the case of FS-
RQs, or eventually the most luminous LBLs. The starlight con-
tamination due to host galaxies, on the other hand, may be rele-
vant in low-accretion-rate blazars such as HBLs and IBLs.
Host galaxies of BL Lac objects are evolved giant ellipticals,
for which the starlight emission peaks at near-infrared (∼ 1 µm)
wavelengths. Spectral features related to the starlight compo-
nents are often seen directly in the composite SEDs of HBLs,
especially during their quiescence phases (e.g., Mrk 501; see
Abdo et al. 2011). The presence of such may lead to the appar-
ent bluer-when-brighter evolution at optical frequencies, as the
steep-spectrum starlight emission may become less and less pro-
nounced for the increasing flatter-spectrum synchrotron emis-
sion of a blazar jet. And this may indeed be the case for at least
some of the sources included in our sample. However, we argue
that this effect cannot account for all the bluer-when-brighter be-
havior seen in the collected ATOM dataset. That is because, as
mentioned above, in many cases we observe separate ‘branches’
in the CM diagrams, separated in flux or color but following sim-
ilar bluer-when-brighter tracks (see, e.g., Figure 6).
In order to investigate this issue in more detail, we divide
the studied sample into the three sub-samples of (i) eleven ob-
jects displaying only modest flux variations, < 1 mag, (ii) twelve
sources with R-band fluxes changing by ∼ 1 mag (a factor of
a few), and (iii) seven blazars showing large-amplitude vari-
ability, > 1 mag. The latter sub-sample is dominated by LBLs
(PKS 0048–097, AO 0235+16, PKS 0537–441, and OJ 287),
all of which do not display any clear chromatism, and are char-
acterized by similarly steep optical slopes with 2 < αBR < 3.
The only two ‘highly-variable’ sources showing significant pos-
itive CM correlations are the HBL-classified PKS 2005–489
and the IBL-classified BL Lacertae; in their cases the observed
bluer-when-brighter trends have to be intrinsic to the jets rather
than resulting from the host-galaxy contribution. Interestingly,
the remaining object in the sub-sample (iii), the HBL-classified
PKS 2155–304, displays only weak chromatism but relatively
flat spectrum αBR < 2. The ‘moderately-variable’ subsample (ii),
on the other hand, is equally split into sources characterized by
C(B−R,R) > 0.5 and C(B−R,R) < 0.5. The optical spectra of the
blazars in this group are relatively flat, 0.5 < αBR < 2, with the
exception of steeper-spectrum (2 < αBR < 3) objects 1ES 0347–
121 (HBL), W Comae (IBL), and AP Lib (LBL); these three
‘outliers’ show particularly clear bluer-when-brighter trends. Fi-
nally, majority of the objects from the ‘low-variable’ sample (i)
do not exhibit any significant positive CM correlations. Their
ultra-steep (αBR > 3 in the case of SHBL J001355.9–18540,
1ES 0229+200, and PKS 0548–322), or very steep and in ad-
dition persistent (αBR ∼ 3 for PKS 1424+240 and Mrk 501)
spectra signal non-negligible, or even dominant host-galaxy con-
tributions to the fluxes measured with ATOM; the prominent ex-
ception here is the flat-spectrum SHBL J213135.4–091523. Only
four blazars in the sub-sample (i) reveal positive CM correlations
(RGB J0152+017, 1ES 0323+022, SHBL J101015.9–311908,
and 1ES 1312–423), and these may be the examples where the
observed bluer-when-brighter trends are due to the underlying
host galaxy components as discussed in the previous para.
In this paper we also compare the optical properties of
ATOM blazars with the high-energy γ-ray and high-frequency
radio data. We find that the radio, optical, and γ-ray luminosities
of sources included in the sample obey almost linear correla-
tions, which may be either intrinsic or induced by the redshift
dependance. We do not find any correlation between the source
luminosities and optical colors, or HE spectral indices. All these
multi-wavelength comparisons may be however significantly af-
fected by non-simultaneousness of the analyzed dataset, as well
as by a limited number of objects (especially of the IBL and LBL
type) included in the studied sample.
In our analysis we noticed that two sources appear excep-
tional for their types: HBL-classified PG 1553+113 is charac-
terized by a particularly low value of the optical CM correla-
tion coefficient, and at the same time by surprisingly high op-
tical and γ-ray luminosities despite the very flat HE γ-ray con-
tinuum ΓHE ' 1.67 characteristic for an HBL; LBL-classified
AP Librae, on the other hand, seems particularly under-luminous
for its type in optical and HE γ-rays, and displays a significant
positive CM correlation. Interestingly, the broad-band SED of
AP Librae is indeed unusual, being characterized by a particu-
larly broad high-energy hump in the SED representation (Kauf-
mann 2011). To the opposite, one of the main characteristics of
the broad-band SED of PG 1553+113 noticed in Aleksic´ et al.
(2012) is the narrowness of its high-energy hump, which implies
a relatively large value of the minimum electron energy within
the dominant blazar emission zone.
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Table 2. ATOM observations.
Object 2007 2008 2009 2010 2011 2012
SHBL J001355.9–18540 11, 12 5–12 8–12 6–12 5–12
PKS 0048–097 8–12 1, 7–12 6–12 5–8, 10
RGB J0152+017 11, 12 1, 6–12 1, 6–12 1, 2, 6–12 1, 6–12 1, 2, 6–10
1ES 0229+200 8–12 1, 8–12 1, 8–12 8–11 7–11 7–10
AO 0235+16 1, 9–11 7, 9–12 1, 7, 8 8
PKS 0301–243 8–12 2, 3, 6–12 7–12 2, 7–12
SHBL J032541.0–164618 9–12 1, 7–10, 12 3, 7, 8 7, 9, 10, 12 1, 7
1ES 0323+022 10–12 1, 7–10, 12 2, 9– 12 9–11 1, 7–10
1ES 0347–121 8–12 1, 8–12 1, 3, 7–12 3, 7, 8–11 1, 7–11 1, 2, 10
1ES 0414+00.9 1, 2, 8–12 1, 8–12 1, 3, 7–12 2, 8–12 1, 3, 7–11 10
PKS 0447–439 8, 12 1–4, 9–12 1, 4, 8–11 1–4, 8, 10
PKS 0537–441 10–12 1, 3–9 1– 5, 9–12 1, 9–11 1–4, 8–10
PKS 0548–322 5, 9–12 1, 10–12 1, 3–5, 7–12 2–5, 9–12 1, 2, 4, 5, 9–11 1–5, 9, 10
PKS 0735+178 1, 9–12 1, 2–5, 9–12 1, 2–5, 10–12 1, 2, 4, 5, 9–11 1, 3–5
OJ 287 2, 5, 11, 12 1, 5, 6, 10–12 1, 2–6, 10–12 3–6, 11, 12 1, 3–6, 11 2, 4, 5, 11, 12
SHBL J101015.9–311908 1 5, 6, 11, 12 2–7 4–7 1, 3, 4, 6, 7
1ES 1101–232 2, 6, 7, 11, 12 1, 5–7, 11, 12 1, 3–7, 11 1, 2– 7, 12 1, 4– 6 3–5, 7
Mrk 421 5 1, 6, 7, 12 1, 3–6 2
1ES 1218+304 4–6 2, 3–7 3–6 2– 8
W Comae 6, 7 1, 3–6 2, 4–7 4–6 3–5
1ES 1312–423 9, 12 1, 3–8 2–7 1, 2, 4–8
PKS 1424+240 6–8 2–8 4–8 3–5
AP Lib 6–8 3–9 2–9
PG 1553+113 8, 9 8, 9 2–9 1, 2–9 4–9 3, 4–9
Mrk 501 5, 7, 8 5–7 3–7, 8 6, 7, 9 4, 5 3, 9
RGB J1725+118 10 3–9 6–9 5–9 3–9
PKS 2005–489 5–12 6–12 3–12 3–12 5–11 3–10
SHBL J213135.4–091523 7, 9, 10 3–10 4– 8, 10, 11 6–10 4–7
PKS 2155–304 5–12 1, 6–12 1, 3–12 4–12 5–11 4–10
BL Lacertae 8–11 5–8, 10 6, 9
Notes. The table provides information about time periods (months and years) of the ATOM observations.
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